Map-based cloning is an iterative approach that identifies the underlying genetic cause of a mutant phenotype. The major strength of this approach is the ability to tap into a nearly unlimited resource of natural and induced genetic variation without prior assumptions or knowledge of specific genes. One begins with an interesting mutant and allows plant biology to reveal what gene or genes are involved. Three major advances in the past 2 years have made map-based cloning in Arabidopsis fairly routine: sequencing of the Arabidopsis genome, the availability of more than 50,000 markers in the Cereon Arabidopsis Polymorphism Collection, and improvements in the methods used for detecting DNA polymorphisms. Here, we describe the Cereon Collection and show how it can be used in a generic approach to mutation mapping in Arabidopsis. We present the map-based cloning of the VTC2 gene as a specific example of this approach.
Map-based cloning, also called positional cloning, is the process of identifying the genetic basis of a mutant phenotype by looking for linkage to markers whose physical location in the genome is known. The amount of effort required for map-based cloning of genes in Arabidopsis has dropped dramatically in recent years ( Fig. 1) . Only a few years ago, it was necessary to build a physical map, develop markers, and iteratively zero-in on the gene by "chromosome walking." This was followed by cloning, complementation by transformation, and de novo determination of the sequence of the entire region of interest to high quality without a previously determined wild-type DNA sequence as a guide (Arondel et al., 1992; Giraudat et al., 1992; Leung et al., 1994; Meyer et al., 1994; Mindrinos et al., 1994) .
Many of the steps of chromosome walking have been eliminated or have been made much easier by three nearly simultaneous breakthroughs during the past 2 years: sequencing of the entire Columbia (Col-0) Arabidopsis genome (The Arabidopsis Genome Initiative, 2000) , the availability of tens of thousands of randomly distributed genetic markers to registered users of the Cereon Arabidopsis Polymorphism Collection (http://www.arabidopsis.org/cereon/), and advances in the methods used to detect DNA polymorphisms. One can now proceed from a mutant with a desirable phenotype to an identified mutation in a gene with less than one person-year of effort (Fig. 1) . The minimal start-to-finish time of a mapping project has also been shortened significantly, making it possible to find a gene using an iterative approach taking approximately 1 year (Fig. 2) .
In the process of map-based cloning, one starts with a mutant and eventually identifies the gene responsible for the altered phenotype, allowing the plant to tell you what genes are important in the physiological process of interest. This is in contrast to reverse genetic approaches, which tend to rely on some sort of prior knowledge that the gene that is being mutated will be interesting. When using reverse genetic approaches, such as tilling for point mutations (McCallum et al., 2000) or searching for T-DNA insertion mutations (Sussman et al., 2000) , one starts with a gene of interest, finds a mutation in that gene, and then looks for a phenotype.
The big advantage to map-based cloning is that it is a process without prior assumptions. Essentially, one is looking at all of the genes in the genome at the same time to find the ones that affect the phenotype of interest. It is a process of discovery that makes it possible to find mutations anywhere in the genome, including intergenic regions and the 40% of Arabidopsis genes that do not resemble any gene with known or inferred function (The Arabidopsis Genome Initiative, 2000) .
Insertional mutagenesis using T-DNA or transposons has become increasingly popular as a tool for gene discovery. Pools of lines representing more than 200,000 insertional mutations are available from Arabidopsis stock centers (http://www.Arabidopsis.org/ abrc; http://nasc.nott.ac.uk). Large-scale projects are under way for disrupting most genes in Arabidopsis by insertional mutagenesis (Sussman et al., 2000) . Mutant screens performed using these populations are undoubtedly worthwhile and can lead to rapid identification of the gene of interest if it is actually has a T-DNA or transposon insertion. However, there are also several good reasons to screen for mutants in chemically mutagenized populations and to isolate the affected genes by map-based cloning.
Insertional mutations tend to result in complete knockouts of the gene, making it difficult to associate a phenotype other than death with essential genes. In contrast, chemical mutagenesis, e.g. with ethyl methane sulfonate, can produce promoter mutations or mis-sense mutations in the coding region, resulting in a hypomorphic knock-down rather than an amorphic knockout of a protein function. Many interesting but essential genes have been found through such hypomorphic mutations. For instance, "leaky" mutations in VTC1 (CYT1) can result in ozone sensitivity and reduced vitamin C levels in Arabidopsis (Conklin et al., 1999) , but knockout mutations cause embryo lethality (Lukowitz et al., 2001) . Key regulatory steps in biochemical pathways are often found through dominant point mutations that prevent feedback inhibition of an enzyme, e.g. anthranilate synthase (Kreps et al., 1996; Li and Last, 1996) or Asp kinase (Heremans and Jacobs, 1997). Such dominant mutations would not be found by insertional mutagenesis.
Chemical mutagenesis, in addition to generating a greater diversity of mutations than insertional mutagenesis, also results in many more mutations in each individual plant. Plants mutagenized with T-DNA typically have only one to three insertions per line. Even in a best-case scenario (insertion of three T-DNAs per line in a completely random manner, which is not likely), more than 100,000 plants are needed for a 95% likelihood of having a mutation in a given gene of average size. Screening this many plants can be prohibitive if the mutant screen being performed is laborious or slow. In contrast, ethyl methane sulfonate mutagenesis typically introduces dozens of mutations in each plant line, and it is generally possible to find a mutation in any given gene by screening fewer than 5,000 plants (Feldman et al., 1994) .
The techniques of map-based gene identification are also essential for the identification of the genetic basis of phenotypic variation among Arabidopsis ecotypes (natural isolates). The genomes of Arabidopsis ecotypes differ from one another at many thousands of locations and represent a level of genetic variation that is not achievable in the laboratory (Alonso-Blanco and Koornneef, 2000) . Hundreds of ecotypes collected from around the world are available to researchers through Arabidopsis stock centers (http://www.Arabidopsis.org/abrc; http://nasc.nott. ac.uk). Phenotypic variation for almost any trait of interest can be found in progeny of crosses made between these ecotypes. In many cases this variation is due to the effects of several genes and is quantitative in nature. Statistical methods developed in the 1990s (Haley and Knott, 1992; Jansen, 1993; Zeng, 1994) and the availability of an almost unlimited set of genetic markers (see below) make it feasible to map and clone such quantitative trait loci (QTL). We will not describe QTL mapping here, but other recent reviews have covered this subject (Kearsey and Farquhar, 1998; Alonso-Blanco and Koornneef, 2000; Yano, 2001) .
In this paper, we present a large set of DNA markers identified at Cereon Genomics, we describe how these markers can be applied to a generic map-based cloning project, and we introduce the VTC2 gene as an example of a specific mapping project.
THE CEREON ARABIDOPSIS POLYMORPHISM COLLECTION
Positional cloning of genes in Arabidopsis is greatly facilitated by the recent sequencing of Col-0 and Landsberg erecta (Ler). These two ecotypes were sequenced because they are among the most commonly used ecotypes in Arabidopsis research. George Redei, one of the founders of modern Arabidopsis genetics, began working with Col and Ler in the 1950s (Redei, 1992) . Since then, they have been the subjects of literally thousands of papers that have been published on the genetics, molecular biology, and biochemistry of Arabidopsis. Col-0 and Ler are also the parents of a widely used collection of recombinant inbred lines (Lister and Dean, 1993) . Hundreds of markers have been analyzed in these lines, and the genetic map produced from this work has become the standard against which other Arabidopsis genetic maps are aligned.
The Col-0 ecotype was the subject of a large international sequencing project, which has produced a nearly complete sequence using a clone by clone approach (The Arabidopsis Genome Initiative, 2000) . This high-quality sequence (less than one error in 10,000 bp) is a permanent resource for all future Arabidopsis sequencing efforts. Partial genomic sequence data generated from other ecotypes can be positioned on the framework of Col-0 genome sequence. Sequencing of individual genes from mutants or from other ecotypes has become routine; it is simply a matter of designing PCR primers based on the Col-0 sequence, amplifying the desired gene, and sequencing the product. The Ler ecotype was the subject of a very different genome sequencing effort, low coverage shotgun sequencing at Cereon Genomics. This project generated approximately 700,000 500-bp sequence traces. Of these, more than 200,000 were chloroplast, mitochondrial, or ribosomal DNA and were not used for the assembly. This left 498,037 traces totaling 263 Mbp of good quality raw sequence, representing approximately 2-fold coverage of the Arabidopsis genome. Assembly of the sequences produced 50,262 contigs (average size, 1.5 kb) and 31,044 single-read sequences. The size of the assembled dataset totaled 92.1 Mbp, suggesting that approximately 70% of the genome is covered at the nucleotide level. To assess the coverage at the gene level, more than 2,000 cDNA sequences from GenBank were extracted and searched against the Ler shotgun dataset using the BLASTn algorithm (Altschul et al., 1990) . A total of 96.5% of the cDNAs were at least partially detected using a 95% identity cutoff, indicating that at least some sequence from over 95% of all genes is present in the data assembled from the low coverage shotgun approach.
For Arabidopsis researchers who are interested in map-based cloning, the value of two genome sequences greatly exceeds that of only one such sequence. Whereas the availability of the genome sequence of a single ecotype mainly facilitates DNA sequencing in the final stages of a mapping project (Fig. 1) , data from two genomes make it possible to develop a database of DNA polymorphisms that can be used as genetic markers. A high-density map of DNA markers greatly facilitates fine-scale genetic mapping. To generate such a map, we compared stretches of Ler shotgun sequence with Col-0 genomic sequence determined from cloned bacterial artificial chromosomes (BACs; we will refer to all large DNA clones sequenced by the Col-0 genome project collectively as BACs). Differences between the ecotypes were classified into two types: single nucleotide polymorphism (SNP) changes, which alter a single nucleotide present at specific location in the genome (Fig. 3) , and insertion-deletion (InDel) differences, where one ecotype has an insertion of a number of nucleotides relative to the other (Fig. 3) .
To detect SNPs and InDels, one must be able to accurately predict true polymorphisms against a background of sequencing errors. This is of particular concern for the Ler data, which are unedited shotgun sequence, in contrast to the high quality "finished" Col-0 sequence. To increase the likelihood of detecting real ecotypic differences, fairly stringent criteria were applied to a single base difference before calling it a bioinformatically predicted SNP. The aligned region of Ler and Col-0 sequence had to be longer than 200 bp and to include more than 75% of the length of the Ler sequence. In addition, the polymorphic base must be unambiguous in Ler, covered by at least two reads, and be greater than 25 bp from any single coverage region. The quality of the local sequence must be high: The SNP-containing base must have a phrap consensus quality score (Green, 1996 , Version 0.980812, downloaded 1999 of at least 40, and the surrounding 25 nucleotides must have consensus scores of at least 30. Re-sequencing of the Ler allele of a representative sample of SNPs predicted in this way showed that the success rate was close to 100%. Single-basepair InDels were found using the same methods as those used for SNP prediction. Less stringent criteria were applied for the detection of larger InDels. A gapped alignment between Ler and Col-0 was required to be greater than 90% identical over the matched region, with an insertion of at least 2 bp in either Col-0 or Ler. Unlike with SNP polymorphisms, we did not confirm a representative sample of predicted InDels by resequencing the Ler allele. Given the less stringent selection criteria, the error rate for predicted InDel polymorphisms is likely to be higher than the error rate for predicted SNP polymorphisms.
At the time of writing, sequence for 1,501 Col-0 BACs representing 123 Mbp of Col-0 genome sequence had been compared against the assembled Ler shotgun sequence. This resulted in the identification of 37,344 SNPs, 18,579 small InDels (less than or equal to 100 bp), 747 large InDels (larger than 100 bp), or a total of 56,670 polymorphisms. On average, there is one bioinformatically predicted SNP every 3.3 kb and one predicted InDel every 6.6 kb. The SNPs and InDels are distributed throughout the genome, with most BACs having several polymorphisms that could be used for genetic mapping (Fig.  4) . Because of the stringent selection criteria and the partial Ler sequence, these numbers represent an underestimate of the true frequency of SNP and InDel differences that exist. For instance, a screen of 500 kb of Arabidopsis sequence by denaturing HPLC (DHPLC) found polymorphisms at a frequency of close to one per kilobasepair (Cho et al., 1999) . The Cereon Arabidopsis Polymorphism Collection is made available to registered users at non-profit and educational institutions for non-commercial research. Access is obtained by one-time registration through The Arabidopsis Information Resource Web site (http://www.arabidopsis.org/cereon/). At the time of writing, 890 researchers from 40 countries had registered to use this database.
The five chromosomes of Arabidopsis have approximately equal densities of SNP polymorphisms. Not surprisingly, SNP frequency varies between exons and introns, with one SNP every 3.1 and 2.2 kb, respectively. Transitions (A/T to G/C) account for 52.8% of the SNPs, and transversions occur with frequencies of 17.4% (A/T to T/A), 23.0% (T/A to G/C), and 7.9% (C/G to G/C). There is no Col-0 or Ler bias in the directionality of the transitions or transversions.
InDel polymorphisms between Col-0 and Ler range from 1 bp to greater than 38 kb. Due to the average 1.5-kb contig size of the Ler shotgun sequence, large insertions can only be detected in the Col-0 background and not in the Ler background. Insertions in Col-0 relative to Ler have an average size of 175 bp and a median size of 4 bp (Fig. 5 ). Approximately 10% of the InDels were associated with polymorphisms in the length of simple sequence repeats that were identified with the Sputnik program (Abajian, 1994 (Abajian, , downloaded 1999 , but most were found in non-repetitive sequences. Most InDels (93%) are smaller than 100 bp, making them suitable for PCRbased marker detection methods (see below).
The Cereon Col-0/Ler SNPs and InDels sequences should be very informative for discovering polymorphisms between other ecotype pairs. If one assumes a random genetic reassortment of polymorphisms among Arabidopsis ecotypes, then 50% of the Col-0/ Ler polymorphisms should be useful for genetic mapping in any other pair of ecotypes. Work done with amplified fragment length polymorphism (AFLP) markers, which generally are due to underlying SNPs, indicates that there is such a random assortment of polymorphisms. Approximately 50% of Col-0/Ler AFLP polymorphisms can also be used for segregation analysis in Col-0/C24, Col-0/Wassilewskij, or Col-0/Cape Verde Islands crosses (Peters et al., 2001 ). Analysis of 79 AFLP markers in 142 ecotypes shows a high degree of recombination in the evolution of these ecotypes, such that it is not possible to draw an "ecotype phylogeny" (Sharbel et al., 2000) . Thus, the Cereon Arabidopsis Polymorphism Collection will be useful for mapping QTLs or mutations in most and perhaps all other pairs of Arabidopsis ecotypes. It is a relatively minor disadvantage that one-half of all attempted markers will fail and the average marker density is reduced by 50%, i.e. one SNP every 6.6 kb instead of one SNP every 3.3 kb.
Overall, the density of both SNP and InDel markers is high enough that it is theoretically possible to map most mutations within a few thousand basepairs using either type of marker in any combination of ecotypes. The availability of genetic markers is no longer the limiting factor for the fine-scale genetic mapping needed for map-based cloning in Arabidopsis. Instead, this process is limited by our ability to generate recombination events at a high enough density and to rapidly and inexpensively genotype plants using these markers.
METHODS FOR DETECTION OF DNA POLYMORPHISMS
A critical aspect of map-based cloning is the ability to accurately detect DNA markers at an appropriate cost and throughput. In the past few years, a number of new technologies for high-throughput detection of DNA polymorphisms have been developed. Most of these advances were driven by the field of human genetics, but all of the methods can be applied equally well to plant systems. Because they tend to require a relatively large initial investment, these fast and highly automatable methods are best suited to research settings where large numbers of genotypes need to be determined in a short period of time and with minimal human intervention.
Because SNPs are more common than InDels in biology and are more amenable to automation strategies, most high-throughput genotyping approaches are designed for SNP rather than InDel detection. Oligonucleotide arrays (Gene Chips) contain thousands of oligonucleotides annealed to a glass slide. Such arrays allow the detection of SNP polymorphisms by differential hybridization in a highly parallel and automated manner (Lipshutz et al., 1999) . The Taq-Man PCR assay is designed to detect SNPs in a high-throughput manner through the release of fluorescent reporter dye from a quencher on the same oligonucleotide by 5Ј nuclease activity (Livak, 1999) . By using more than one reporter dye, it is possible to detect different alleles of a SNP in a single reaction. The relatively high price of oligonucleotides tagged with reporter and quencher dyes makes this method cost-effective only if a large number of reactions need to be run with each SNP marker. In pyrosequencing, an enzymatic cascade and luminometric detection system is used to measure the pyrophosphate that is released as a result of nucleotide incorporation (Ahmadian et al., 2000; Alderborn et al., 2000) . Because 20 or more nucleotides are determined by this method, it is possible to detect several closely linked SNPs at once. The pyrosequencing method can be automated but has the disadvantage that it does not work well on stretches of repeated nucleotides. DHPLC allows the detection of SNPs through different retention time of heteroduplex and homoduplex DNA in reversed-phase HPLC under partially denaturing conditions (Spiegelman et al., 2000) . DHPLC allows detection of SNP polymorphisms in PCRamplified DNA up to about 1,000 bp in size. Although not inherently high-throughput, DHPLC lends itself nicely to bulked segregant analysis. The method of fluorescence resonance energy transfer combines PCR and oligonucleotide ligation to detect SNPs (Chen et al., 1998). Dye-labeled oligonucleotide probes are used in this assay, and allele-specific ligation is detected by fluorescence resonance energy transfer, which only occurs when two dye-labeled oligos are joined by ligation. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry can be used to rapidly detect SNPs in short DNA pieces by differences in molecular mass (Wada and Yamamoto, 1997) .
A disadvantage of most high-throughput methods for detecting DNA polymorphisms is the high initial equipment cost, which results in a high per-assay cost for a lab that does not need to perform large numbers of genotyping reactions on a routine basis. In contrast, both InDels and SNPs can be detected using gel-based methods, which have a relatively low start-up cost and moderate throughput. InDels of small to moderate size can be detected by PCR amplification and gel electrophoretic separation (Bell and Ecker, 1994) . Pairs of PCR primers are designed to amplify a segment of DNA spanning the InDel, and size differences in the amplified products are detected using either agarose or acrylamide gels. Agarose gels are easier and less expensive to use, but size differences of less than 5 bp are difficult to detect reliably. Acrylamide gels, on the other hand, give single-basepair resolution and allow the detection of even very small InDels. In either case, InDels are scored as codominant markers with one band seen on the gel for either homozygous class and two bands seen for heterozygous individuals. To reduce the number of PCR reactions needed for a mapping project, it is possible to pool DNA samples for bulked segregant analysis (Michelmore et al., 1991; Lukowitz et al., 2000) , or multiple primer pairs can be added to one reaction tube to amplify several markers at once (Ponce et al., 1999) .
Several gel electrophoresis-based strategies for detecting SNP markers have been devised. Many SNPs alter sites cleaved by restriction enzymes and can be used as cleaved-amplified polymorphic sequence (CAPS; Konieczny and Ausubel, 1993) markers. CAPS markers are amplified by PCR, the amplified DNA is cleaved with the appropriate restriction enzyme, and the cleavage products are examined on agarose gels. Just as with InDels, such markers are codominant, allowing the differentiation of heterozygotes and either homozygote class. If there is no suitable restriction site at a SNP, it is possible create a site during PCR amplification with suitably designed primers (dCAPS [Michaels and Amasino, 1998; Neff et al., 1998 ]). Disadvantages of using CAPS and dCAPS for genotyping include the extra time and cost involved in the restriction enzyme digestion and the possibility of a false result attributable to incomplete digestion by the restriction enzyme.
It is also possible to detect SNPs using allelespecific PCR primers, where the 3Ј end of a primer has a perfect match with one allele and a mismatch with the other allele (Ugozzoli and Wallace, 1991). In theory, such primers can be used to preferentially amplify one allele of a SNP, but in practice a singlebasepair change is often not enough to allow reliable differentiation between the two alleles of an SNP (Kwok et al., 1990; Cha et al., 1992) . A modification of the allele-specific amplification procedure (single nucleotide amplified polymorphism [SNAP] ) has recently been described (Drenkard et al., 2000) . In this method, additional mismatches are introduced in the amplifying primers to maximize the difference in the amplification efficiencies of the two alleles of the SNP. Primer basepair changes that allow differential amplification of SNP sites can be predicted using the SNAPER program. Both the SNAPER program and a collection of primers that have been used successfully to amplify Arabidopsis SNAP markers can be found at http://patho.mgh.harvard.edu/ausubelweb. As with CAPS, SNAP markers are codominant and can be detected on agarose gels. However, it is necessary to run two PCR reactions-one for each allele of the SNP-to get complete SNAP genotyping data.
The detection of SNPs and InDels is an essential part of the map-based cloning process. Because marker discovery is no longer a problem in Arabidopsis, the selection of an efficient genotyping platform plays a critical role in the mapping timeline that we describe in the next section. We have mentioned several commonly used genotyping methods, and the choice of which method to apply will depend on the resources of an individual laboratory and the number of genotyping reactions that will need to be performed.
MAP-BASED CLONING PROCESS
Given a sequenced genome and a dense collection of genetic markers, map-based cloning becomes a relatively straightforward process. Figure 2 illustrates a time-efficient approach to map-based cloning in Arabidopsis, a variant of the "chromosome landing" method proposed by Tanksley et al. (1995) . Starting with a mutation in the Col-0 or Ler background, it is possible to proceed from having a mutant plant to identifying the affected gene in approximately 1 year. The overall length of this cloning process is dictated largely by the fact that it incorporates five cycles of plant growth (we assume 2 months/cycle).
As a first step in the mapping process, the mutant is out-crossed to the opposite ecotype (Col-0 or Ler). In most cases, it is not necessary to "clean up" the genetic background of the mutant by back-crossing and it does not matter whether the mutant is used as the male or the female parent in the out-cross. F 1 seeds are planted and, as the plants are growing, it is possible to perform phenotype and genotype analysis. Presence or absence of the phenotype in the F 1 generation will suggest whether the mutation of in-terest is likely to be dominant or recessive. We recommend genotyping the F 1 plants with a few markers to make sure that they are truly heterozygous and that there was no mistake made during the cross. Similarly, it is worthwhile to genotype the original mutant to make sure that it is in the presumed ecotype background. Contamination with other ecotypes is a surprisingly frequent cause of "mutants" that arise in screens.
F 2 seeds are collected from self-pollination of the F 1 plants, and a population of approximately 600 individuals is planted for first-pass mapping (Fig. 2) . As they are growing, the phenotype of the F 2 plants is determined, unless the trait can only be scored in the progeny (F 3 ) seed. It should be possible to identify approximately 150 plants in this population as homozygous: homozygous mutant in the case of a recessive mutation or homozygous wild type in the case of a dominant mutation. DNA for genotype analysis is prepared from the leaves or other tissue of these 150 plants. Initially, the 150 plants are genotyped with 25 markers, spaced roughly every 20 centiMorgan (cM) apart on the five chromosomes. Genetic linkage to one or more of the 25 markers is determined and a three-point cross is used to define a 20-cM interval that contains the gene of interest. Once a 20-cM interval has been found, additional markers are used to narrow down the region of interest to approximately 4 cM. Given a population of 150 plants, it should be possible to determine this 4-cM interval with a high degree of certainty. The two markers closest to the mutation on either side will be used as flanking markers in further work.
Next, it is necessary to plant a larger F 2 population for fine-resolution mapping (Fig. 2) . The ultimate goal of fine mapping is to narrow down the region containing the gene of interest to 40 kb or less (approximately 0.16 cM genetic distance in Arabidopsis). There would ideally be several recombination events in this interval to define the position of the mutation that is being mapped. Unfortunately, the number of F 2 plants needed to have a 95% chance of recombination events in a given genetic interval increases rapidly as the size of the interval decreases (Fig. 6) . We recommend having a fine mapping population of 3,000 to 4,000 plants (including the original 600 lines grown for first-pass mapping) to give a high probability of mapping the gene of interest to less than 40 kb. In areas of the genome with reduced meiotic recombination, e.g. near the centromeres, larger F 2 populations will be necessary to map a mutation to an equivalent physical interval on the chromosome. Many Arabidopsis mapping projects have been successful with fewer than 3,000 to 4,000 F 2 plants (Lukowitz et al., 2000) , but when planting fewer plants one runs the risk of extending the mapping timeline by having to plant an additional F 2 population later on.
At this point, plants that are recombinant in the 4-cM interval determined by first-pass mapping are sought for use in fine mapping. DNA is isolated from the mapping population of 3,000 to 4,000 plants and the genotype of the two flanking markers is determined. This should identify 200 to 300 plants that have genetic recombination events in the region of interest (Fig. 2) . The allelic state of the mutation being mapped (homozygous mutant, homozygous wild type, or heterozygous) in these recombinant plants is determined by looking at the phenotype in a representative sample of progeny in the F 3 generation. Additional markers in the 4-cM interval are used to look for increasingly tight linkage to the mutation. In most cases, it should be possible to define a pair of markers flanking the mutation that are less than 40 kb apart.
Once an interval of less than 40 kb containing the mutation of interest has been determined, this entire region is sequenced to find the mutation. In theory, it is possible to map a mutation to the single-gene level using the Cereon Arabidopsis Polymorphism Collection, but the number of F 2 plants needed to find recombinants in such a small interval would be very large (Fig. 6) . It is faster and less expensive to sequence a larger interval. Because the sequence of the Col-0 genome is known, one efficient way to sequence the mutant region is to design PCR primers to amplify overlapping segments of about 500 bp spanning the entire 40 kb. These segments are then sequenced and assembled, the sequence is compared with that of a wild-type plant (Col-0 or Ler), and the mutation is identified. In the case of a mutation in the Ler background, it is necessary to also sequence (5) with recombination events in a given physical interval of DNA. The calculations assume an average 250 kb/cM for Arabidopsis (Lukowitz et al., 2000) . The possibility of multiple recombination events in one individual plant has a negligible effect and is not included in the calculations.
the Ler wild type for comparison at every location where a difference to the wild-type Col-0 is found. In the case of a mutation in Col-0, a published sequence is available. However, it is necessary to confirm that any nucleotide that diverges from the published Col-0 sequence was induced by the mutagenesis treatment and is not present in the wild-type progenitor strain. This is because strain to strain differences exist in "Col-0 wild type," and even at the high quality standard of the Col-0 sequence, sequencing errors are expected and found.
APPLICATION OF CEREON MARKERS TO CLONING VTC2
The identification of the VTC2 gene is a specific example of a map-based cloning project using the Cereon Arabidopsis Polymorphism Collection. The vtc2-1 mutation was isolated in a screen for ozonesensitive mutants of Arabidopsis (Conklin et al., 1996) . Further work showed that this mutant was deficient in ascorbic acid (vitamin C), and an additional three alleles (vtc2-2, vtc2-3, and vtc2-4) were isolated based on this phenotype. A first-pass map position for the vtc2-1 mutation between CAPS markers WU95 (74 cM) and PRHA (78 cM) on chromosome 4 was reported (Conklin et al., 2000) .
The CAPS markers WU95 and PRHA are relatively difficult to score. Instead, we used the nearby InDel markers (449235 and 450577 from the Cereon Arabidopsis Polymorphism Collection) as flanking markers for fine mapping (Fig. 7A) . These markers are approximately 980 kb apart on chromosome 4. DNA segments spanning these markers were amplified by PCR, and the amplified products were detected by PAGE. A population of 3,700 Col-0 vtc2-2 ϫ Ler F 2 plants was analyzed with markers 449235 and 450577. A total of 52 recombinants were identified and confirmed by repeating the genotyping with the same markers in the F 3 generation. The number of recombinants is considerably less than one would expect given the genetic separation previously reported for the CAPS markers WU95 and PRHA (4 cM apart, expected approximately 280 recombinants). We do not have a good explanation for this observation, but it does illustrate the utility of generating a mapping population that is larger than the theoretical minimum needed. Additional markers between 449235 and 450577 were chosen from the Cereon Arabidopsis Polymorphism Collection (Fig. 7B) for fine mapping. All 52 recombinants were genotyped with these 21 markers to narrow down the positions of the recombination events. Pieces of DNA containing the marker of interest were amplified by PCR, and the polymorphisms were detected by PAGE (for InDels) or DNA sequencing (for SNPs). Vitamin C levels of individual F 3 progeny (at least 20 per line) were measured to determine whether the 52 F 2 recombinants were homozygous mutant, homozygous wild type, or heterozygous at the VTC2 locus. This information was combined with the marker data to identify markers 424439 and 424446, which are contained in BAC F10 M23 (GI:4756963), as the closest markers flanking the mutation.
Markers 424439 and 424446 are approximately 20 kb apart. In the Col-0 genomic sequence, there are nine predicted genes in this region (Fig. 7C ), but none are annotated as enzymes of the proposed WheelerSmirnoff Pathway for vitamin C biosynthesis in plants (Wheeler et al., 1998) . We designed primer pairs to amplify overlapping segments of DNA spanning the 20-kb region from the vtc2-2 mutant. Sequencing of these fragments and comparison with the wild-type Col-0 sequence identified a mis-sense change in the putative gene F10M23.190 (GI:7452423; Fig. 7D ), resulting in a Gly to Asp change in the predicted exon 5 (new GenBank ID AF508793). This gene was also sequenced from the three other vtc2 mutants. A mis-sense mutation was identified in vtc2-3 (Fig. 7D) , resulting in a Ser to Phe change in the predicted exon 6. Both vtc2-1 and vtc2-4 had the same mutation, which changed the 3Ј splice site of the predicted intron 5 from AG to AA (Fig. 7D) . These last two mutations are almost certainly independently generated, because one was isolated in wild-type Col-0 and a the other was from a strain of Col-0 carrying a PAT1-GUS transgene (Rose and Last, 1997). Together, these four mutations show that putative gene F10 M23.190 is VTC2. As additional confirmation, all four mutant alleles of VTC2 were complemented using genomic clones of F10M23.190 isolated from Col-0 by PCR (I. Levin and S. Norris, unpublished data).
The F10M23.190 gene (VTC2) was previously annotated as an undefined protein (GI:7452423; Mayer, 1999) . The most similar proteins in the GenBank database are as follows: Arabidopsis protein MCO15.7, Caenorhabitis elegans protein C10F3.4, and fruitfly (Drosophila melanogaster) protein CG3552, none of which have a demonstrated function. Thus, although we have a phenotype associated with mutations in VTC2, the regulatory or biosynthetic pathways leading to the reduced vitamin C levels in these mutants remain to be discovered.
DISCUSSION
We have outlined a map-based cloning strategy, which leads to the identification of an Arabidopsis mutation in a straightforward manner in approximately 1 year. Our timeline assumes that it is possible to determine the phenotype of F 2 plants as they are growing. If the phenotype of interest is measured on seeds (i.e. F 3 seeds from F 2 plants), then the mapping time will be increased by 3 months. The strategy that we propose is designed to minimize the number of plants that have to be subjected to phenotypic analysis. In most cases, DNA based markers can be determined faster and more accurately than individual plant phenotypes. Obviously, if phenotyping is easier than genotyping, this procedure can be changed by identifying a large number of homozygous mutant, or wild type in the case of dominant mutations, plants and genotyping these alone.
Modifications of the process that we have outlined can speed up the mapping timeline. In many cases, as the mapping region is narrowed down, candidate genes become obvious, and it is possible to shift to sequencing at any stage during the process (Fig. 2) . For rare examples of very reliable phenotypes, it may not be necessary to grow an F 3 generation for progeny testing, thus, shortening the timeline by 2 months. It is also possible to grow a single large F 2 population, rather than two sequentially grown populations (first-pass mapping and fine-scale mapping). However, this may result in wasted effort because some mutations are recalcitrant to genetic mapping. Situations that can make a given mutation difficult or impossible to map include: QTL variation for the trait of interest in the Col-0/Ler F 2 population, phenotypes caused by multiple mutations, sensitivity of the phenotype to environmental variation in the greenhouse or growth chamber, and non-nuclear mutations.
The mapping timeline that we have outlined depends on the ability to rapidly genotype large numbers of plants. It may be difficult to maintain this timeline by using gel-based methods for SNP and InDel detection. High-throughput SNP detection methods are available, but they involve a high initial equipment cost that could make them prohibitive to set up and use in an individual laboratory. One solution to this problem may be for universities or academic departments to set up genotyping centers, similar to those that currently exist for DNA sequencing. Similar to a DNA sequencing center, a genotyping center could serve a large number of researchers working in all areas of molecular genetics.
The current rate-limiting step for map-based cloning in Arabidopsis is the number of F 2 plants that must be analyzed to find recombinants in a sufficiently small interval of DNA. There are no known methods for increasing meiotic recombination frequency in Arabidopsis (or any other plant). However, both ecotype-specific variation (Barth et al.,
